This report documents the measured performance of the ThermaStor Ultra-Aire XT150H Dehumidifier. The equipment is an ENERGY STAR® vapor-compression cycle wholehouse unit. Its performance was measured across a wide range of inlet air conditions and fit to a numerical model with R-squared values greater than 0.998 for electrical power consumption, sensible and latent load removal. The numerical fit was then used to implement the Zone Air Direct-Expansion (DX) Dehumidifier performance model in EnergyPlus.
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Overview
The ThermaStor Ultra-Aire XT150H Dehumidifier is designed as an efficient vapor-compression cycle whole-house unit. It can be used as a stand-alone system with unique ductwork or can be incorporated into an HVAC system. It has an outdoor air inlet for optional use in dehumidifying ventilation air. The equipment was EnergyStar rated, with the best rated performance among the residential EnergyStar dehumidifiers, at the time of testing. Manufacturer Specifications from the Owner's Manual are shown in Figure 1 . A depiction from the Owner's Manual of a standard installation is shown in Figure 2 . Figure 3 shows a functional schematic of the refrigerant loop, air flow and condensate removal. 
Test Description
A Thermastor Ultra-Aire XT150H dehumidifier was tested at the National Renewable Energy Laboratory in the Thermal Transfer Lab with funding from DOE for the Building America program. The method of test followed ANSI/AHAM DH-1-2003, except as listed below. Air was supplied at tightly controlled psychrometric states and the performance was measured over a period of up to 50 minutes at each of 12 test conditions. These test conditions were chosen to represent some typical operating conditions, as well as to bracket those conditions for more accurate interpolation modeling. A summary of the test data is presented in Appendix A.
Inlet and outlet air flow rates were measured using laminar flow elements. An initial set of tests showed that the unit's fan drew 330 CFM at zero external static pressure drop. For subsequent tests, air flow was maintained by the lab's inlet fan to provide appropriate mass flow to the dehumidifier's return duct. Unit pressure was controlled to ambient pressure by the lab's outlet fan, to minimize potential errors from small air leaks. Air Mass Balance was defined as the ratio of instantaneous inlet air mass flow rate to instantaneous outlet air mass flow rate.
Dew point was monitored on both inlet and outlet airstreams using chilled mirror hygrometers, providing a precise measure of air humidity. Condensate flow rate was measured using a coriolis flowmeter. Condensate was also collected in a container and weighed after each test run, in accordance with ANSI/AHAM DH-1-2003. These results were recorded but not used in the ensuing analysis, for two reasons. First, condensate collection provides average condensate production rather than instantaneous. Secondly, to obtain similar accuracies to the coriolis flowmeter's, test runs needed to be quite lengthy. Use of a coriolis flowmeter allowed test times of minutes, not hours. A Moisture Mass Balance was defined as the ratio of instantaneous inlet air moisture mass flow rate to the sum of outlet air moisture mass flow rate and condensate flow rate.
Temperatures of the well-mixed inlet and outlet airstreams were measured using a thermocouple array within ductwork near the unit. Inlet and outlet static pressure were measured using pitot tubes near the unit. Enthalpy was calculated for the airstreams using ASHRAE standard formulas. Electric power was measured using a power meter. An Energy Balance was defined as the ratio of the sum of inlet air energy rate and electric power to the sum of outlet air energy and condensate energy rates.
Photos of the experimental setup are shown in Appendix B.
Instantaneous Air Mass and Energy Balances in all cases were achieved to within 0.5% and 1.6%, respectively. Instantaneous Moisture Balance was not met as closely due to moisture retention within the unit and piping systems caused by condensate surface tension, but still fell within 5%. A summary of these balances is provided in Table 1 . 
Results
The experimental data was fit to a biquadratic equation. This is a typical form used to model HVAC equipment. However, in the case of a packaged dehumidifier the dry bulb and dew point temperatures of significance both refer to the dehumidifier inlet air. (Typical parameters of significance for unitary air conditioners are: indoor air dew point and outdoor air dry bulb temperature.) Six performance parameters were investigated for applicability of the model. The performance curve, a function of inlet dry bulb temperature (°C) and inlet dew point temperature (°C), is:
Curve fit coefficients are shown in Table 2 . Electric Power Consumption includes fan power at 0" water static pressure across the packaged unit. Since the outlet air has a higher temperature than the inlet air, Sensible Load Removal is seen to be negative at all times. The equations for Latent and Sensible Load Removal may be summed to achieve a Total Load Removal equation, the coefficients of which are shown below for convenience. (Note that "Sensible Load Removed" and "Total Load Removed" have a negative value at all operating conditions, since the outlet air is warmer than inlet air by the latent heat removed plus electric power consumed.) Further, the efficiency metrics of condensate production in pints/day and liters/kWh were fit to the same form with good correlation. This will allow efficiency comparison of dehumidifiers at conditions away from the ANSI/AHAM DH-1-2003 test point: 80ºF dry bulb, 69.6ºF wet bulb (64.55ºF dew point, 59.8% RH). Plots of these curves and comparisons of model results to the measured data are presented in Appendix C. With R-Squared values (shown above) demonstrating close agreement of the model with measured performance, these curves are sufficient to simulate the performance of the equipment in annual simulations under full-load conditions. Cycling measurements are needed to complete the unit's model for part-load conditions.
Version 4.0.0 of EnergyPlus, an annual whole building simulation tool, includes a zone dehumidifier component model for the first time [2] . The component model simulates the thermal performance and electric power of a conventional DX dehumidifier. Performance curves (1) are used to scale the rating point performance to simulate various operating conditions. The rating point performance was determined using test point 13a, as shown in Appendix A. Performance curves are used to predict the water removal rate (L/day) and energy factor (L/kWh) fractions and should be approximately equal to a value of 1 at the rated operating condition. The performance curve implemented by the EnergyPlus model, a function of inlet dry bulb temperature (°C) and inlet relative humidity (0-100%), is:
The model uses a cubic function to predict the part load fraction as a function of the part load ratio. The part load fraction performance curve coefficients recommended in the EnergyPlus documentation were used since part load performance was not measured during the experimental testing.
The performance curve fit coefficients are shown in Table 3 . The R-squared values indicate the performance curves have accurately captured the experimental performance. Appendix D contains plots displaying the accuracy of the model. The average relative error in the water removal rate is 1.4% with a maximum error of 3.74% and the average relative error in the energy factor is 2.67% with a maximum error of 7.46%.
Other Observations
The manufacturer's specifications were confirmed except for one. The Unit Under Test did not provide air flow at the rated 415 CFM at 0 in.H2O static pressure. Instead, 325-335 CFM was measured when the unit was presented with no pressure drop. Since an installed unit's pressure drop is installation-specific, it is not possible to include the effect of other differential pressure conditions in an annual simulation. However, the low volumetric flow rate combined with large duct sizes that would typically be used in homes requiring this dehumidifier implies that assuming a low pressure drop is not unreasonable.
Discussion and Conclusions
The ThermaStor Ultra-Aire XT150H Dehumidifier achieved its rated performance at test conditions. A numerical model was used to fit the experimental data within a small error. Therefore, it is assumed that the model is a reasonable representation of the unit and may be used in annual energy simulations.
It is clear from the plots in Appendix C that unit performance is maximized at high inlet air dew point, regardless of dry bulb temperature. It is easier for the unit to bring the evaporator coil's temperature below the dew point in those cases. At a given dew point, lower dry bulb temperatures lead to higher efficiency for the same reason -less sensible cooling is needed to bring the air to 100% relative humidity.
The dehumidifier operates by returning the heat of vaporization, which is absorbed into the refrigerant as the water condenses out of the air, back to the airstream in the form of sensible heat. The more moisture that is removed, the more sensible heat must be rejected downstream. This reheat process is ideally a balanced enthalpy exchange. However, the dehumidifier also heats the outlet air via the fan motor and compressor power. As a result, the outlet air enthalpy is increased in direct proportion to the unit's power consumption. The unit will always apply a positive sensible load in excess of the latent load removal.
The ducted outlet of the unit was extremely warm, and extra insulation had to be applied to restrict heat loss and achieve proper energy balance. This high temperature is demonstrated by the high sensible heat load (large negative sensible heat removal) from the model. Within the expected temperature range of this unit's residential usage, it is seen that the sensible load applied to the house is between 2.0 and 3.5 kW. In a home with typical loads, the central cooling system would provide sufficient dehumidification during peak periods, thus this sensible load poses little concern. It is advisable for an HVAC designer to consider the sensible heat impact of a dehumidifier on occupant comfort, particularly during shoulder seasons when the air conditioner operates in part load.
There may be opportunities for improvement in efficiency through design modifications, pending future work including inspection and analysis of the inner systems. This has not been initiated because of the desire to test cycling behavior of the unit, which will require modifications to the laboratory apparatus and adjustment of testing protocols. That work is ongoing. The controls of the dehumidifier will play a role in the thermal cycling performance and condensate re-evaporation. These effects are not yet included in the model. A stand was constructed to elevate the unit so flow could be measured and collected. The temperature of the flowing condensate was measured in the trap. This piping was insulated to maintain condensate temperature up to a coriolis flowmeter. The condensate was collected downstream in the jug seen in the lower center of the image, and weighed after the test. All seams in the XT150H's sheet metal box were sealed with aluminum tape, to prevent air leakage and thus maintain an accurate air mass balance. The gray box sitting on top of the dehumidifier is the power meter.
B-2 The rigid ductwork to the right of the image is a mixing section, at the end of which temperature and humidity are measured. Thick insulation was applied to the ductwork after that measurement to prevent heat loss and condensation prior to the dehumidifier inlet. Similarly, insulated ductwork routes the outlet airstream to a mixing section where outlet temperature and humidity are measured. The inset image shows pitot tube Percent Error
